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ABSTRACT
Bacteria infect the endometrium lining the uterus of 
cattle after parturition, and clearance of these microbes 
depends on a robust innate immune response to bacte-
rial molecules, such as the endotoxin lipopolysaccha-
ride (LPS). Endometrial inflammation is characterized 
by secretion of the cytokines IL-1β and IL-6 and the 
chemokine IL-8. However, animals often fail to clear in-
vading bacteria and develop uterine disease if they are 
in negative energy balance, with reduced abundance 
of glucose and glutamine, which are substrates for 
energy in tissues. Depletion of glucose blunts inflam-
matory responses in the endometrium, but the role of 
glutamine is not clear. The present study tested the 
hypothesis that depletion of glutamine compromises 
inflammatory responses to LPS in endometrial tissue. 
Ex vivo organ cultures of endometrium were challenged 
with LPS, and culture supernatants accumulated IL-
1β, IL-6, and IL-8, as expected. However, reducing the 
availability of glutamine in culture medium containing 
glucose reduced the accumulation of IL-1β, IL-6, and 
IL-8 by >50%. Surprisingly, in the absence of glucose, 
supplying increasing amounts of glutamine was not 
sufficient to augment inflammatory responses to LPS, 
whereas, in the absence of glutamine, supplying more 
glucose increased inflammation. Furthermore, inhibit-
ing glycolysis reduced the accumulation of IL-1β, IL-6, 
and IL-8 by >50%, even when glutamine and glucose 
were abundant. In conclusion, depletion of glutamine 
reduces inflammatory responses to LPS in the endome-
trium, and the activity of glutamine depends on glucose 
and glycolysis. These data provide mechanistic insights 
into how negative energy balance may be linked to 
postpartum uterine disease.
Key words: cow, uterus, innate immunity, metabolism, 
inflammation
Short Communication
Postpartum uterine disease in dairy cows costs $600 
million/yr in the United States because of treatment, 
reduced milk production, and replacement of infertile 
animals (Sheldon et al., 2009). Uterine disease is associ-
ated with metabolic stress in dairy cows, which com-
promises inflammatory responses to bacterial infections 
of the uterus after parturition (Esposito et al., 2014). 
Understanding how metabolism and immunity are inte-
grated is important. We have already established that 
glucose deprivation reduces the inflammatory response 
to the bacterial endotoxin LPS in ex vivo organ cultures 
of bovine endometrium (Turner et al., 2016). However, 
little is known about how glutamine, the other major 
energy substrate, affects innate immunity in the endo-
metrium.
The uterus of dairy cattle is always contaminated 
with bacteria after parturition (Sheldon et al., 2002; 
Santos et al., 2011). Clearance of these bacteria from the 
endometrium lining the uterus depends on a rapid and 
robust innate immune response, including the secretion 
of cytokines, such as IL-1β and IL-6, and chemokines, 
such as IL-8, which attract neutrophils to the site of 
infection (Hammon et al., 2006; Cronin et al., 2012). 
Endometrial innate immunity depends on host cell pat-
tern recognition receptors binding pathogen-associated 
molecular patterns, such as LPS from Escherichia coli 
(Borges et al., 2012; Cronin et al., 2012; Saut et al., 
2014; Turner et al., 2014). However, negative energy 
balance, with reduced availability of glucose and glu-
tamine, is associated with perturbation of the immune 
response in cattle (Hammon et al., 2006; Wathes et 
al., 2009) and persistence of bacterial infections in the 
endometrium, leading to uterine disease (Giuliodori et 
al., 2013; Ingvartsen and Moyes, 2013; Esposito et al., 
2014).
The innate immune response is energetically expen-
sive for immune cells and endometrial tissue (Turner et 
al., 2016). The 2 main fuels for cellular energy are glu-
cose and glutamine (Newsholme, 2001; Vander Heiden 
et al., 2011). Glucose generates ATP via glycolysis and 
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the Krebs cycle, and anaplerosis of glutamine replenish-
es Krebs cycle intermediates (DeBerardinis and Cheng, 
2010). However, cows often have reduced abundance 
of glucose and glutamine in the peripheral circulation 
after parturition (Doepel et al., 2006; Ingvartsen and 
Moyes, 2013). We previously established that depletion 
of glucose in the presence of glutamine reduces the se-
cretion of IL-1β, IL-6, and IL-8 from organ cultures of 
bovine endometrium (Turner et al., 2016). Notably, the 
abundance of glucose, and not the concentration of glu-
cose, was vital to cellular responses. However, the effect 
of glutamine abundance on endometrial inflammation 
is unknown. The present study tested the hypothesis 
that depletion of glutamine compromises inflammatory 
responses to LPS in endometrial tissue
To explore the role of glutamine in innate immunity, 
we prepared ex vivo organ cultures of bovine endome-
trium, as described previously (Borges et al., 2012; 
Saut et al., 2014). Briefly, uteri with no evidence of 
genital disease or microbial infection were collected 
from cattle after slaughter and processed as part of 
the normal work of an abattoir. Organ cultures were 
collected from the endometrium using sterile 8-mm-
diameter biopsy punches (Stiefel Laboratories Ltd., 
High Wycombe, UK), immediately placed in 24-well 
plates (TPP, Trasadingen, Switzerland) containing 1 
mL of culture medium/well, and incubated at 37°C in 
a humidified atmosphere of air with 5% CO2. To deter-
mine whether glutamine was required for inflammatory 
responses to LPS, endometrium was cultured for 24 h 
in custom-made serum-free culture media containing a 
range of amounts of glucose (0–0.9 mg/organ), freshly 
prepared glutamine (0–0.584 mg/organ), or both and 
challenged with vehicle or 100 ng/mL ultrapure LPS 
from E. coli O111:B4 (InvivoGen, Toulouse, France). 
The highest amounts of glutamine and glucose were 
those typically used in bovine endometrial organ and 
cell culture (Borges et al., 2012; Turner et al., 2014). 
The media were prepared by adding glucose (Sigma, 
Gillingham, UK; G8644), glutamine (Sigma; G7513), or 
both to glucose-free, glutamine-free Dulbecco’s modi-
fied Eagle’s medium (Thermo Fisher Scientific, Paisley, 
UK; A1443001). The role of glycolysis was investigated 
by adding 50 mM 2-deoxy-d-glucose (Sigma; D8375) to 
the media; 2-deoxy-d-glucose is an inhibitor of glycoly-
sis because replacing the d-glucose 2-hydroxyl group 
with hydrogen prevents glycolysis (Tannahill et al., 
2013).
At the end of each experiment, supernatants were 
collected and stored at −20°C for subsequent analyses, 
and organ weights were recorded. Concentrations of IL-
1β and IL-6 in supernatants were measured in duplicate 
by ELISA according to the manufacturer’s instructions 
(Bovine IL-1β Screening Set ESS0027, Thermo Fisher 
Scientific; Bovine IL-6 DuoSet DY8190, R&D Systems, 
Abingdon, UK); bovine IL-8 was measured by ELISA 
as described previously (Cronin et al., 2015). The inter- 
and intraassay coefficients of variation were all <10%, 
and the limits of detection were 13 pg/mL for IL-1β, 75 
pg/mL for IL-6, and 32 pg/mL for IL-8. Lactate dehy-
drogenase (LDH) activity was measured using an LDH 
activity assay (Cambridge Bioscience Ltd., Cambridge, 
UK) to evaluate tissue damage, as previously described 
(Borges et al., 2012; Turner et al., 2016). Data were 
normalized for the weight of each organ culture and 
presented as mean (SEM). Each experiment was per-
formed using endometrial organ cultures from at least 3 
independent animals, with 2 technical replicates for each 
treatment. Statistical analyses were performed using 
GraphPad Prism (GraphPad Software, La Jolla, CA), 
with the animal as the experimental unit. Comparisons 
among treatments were evaluated using ANOVA with 
Sidak’s multiple comparisons test, and significance was 
ascribed when P < 0.05.
To determine whether glutamine could modulate tis-
sue inflammatory responses, ex vivo organ cultures of 
endometrium were cultured in a range of amounts of 
glutamine up to 0.584 mg/organ, in the presence of 
0.36 mg of glucose/organ, and challenged with vehicle 
or LPS for 24 h. As expected, the culture supernatants 
accumulated more IL-1β, IL-6, and IL-8 in response 
to LPS than to vehicle (ANOVA, P < 0.001; Figure 
1A–C). However, limiting glutamine availability re-
duced the accumulation of IL-1β, IL-6, and IL-8 in 
response to LPS, and the absence of glutamine reduced 
inflammatory responses by >50% (ANOVA, P < 0.01; 
Figure 1A–C). To explore whether the presence of glu-
cose was required for glutamine to affect inflammatory 
responses to LPS, endometrium was cultured in media 
containing the same range of amounts of glutamine, 
but in the absence of glucose, and challenged with ve-
hicle or LPS. The culture supernatants accumulated 
more IL-1β, IL-6, and IL-8 in response to LPS than 
vehicle (ANOVA, P < 0.001; Figure 1D–F), but the 
maximal concentrations were lower than when glucose 
was present (Figure 1A–C). Surprisingly, in the absence 
of glucose, supplying increasing amounts of glutamine 
did not significantly augment the accumulation of IL-
1β (ANOVA, P = 0.93), IL-6 (P = 0.73), or IL-8 (P = 
0.94) in response to LPS (Figure 1D–F). One concern 
might be that deficits in the availability of glucose and 
glutamine might influence tissue viability, so we used 
the accumulation of LDH in supernatants as a marker 
of tissue viability, as described previously (Borges et al., 
2012; Turner et al., 2016). Even the absence of glucose 
and glutamine for 24 h did not significantly affect LDH 
accumulation (12.5 ± 2.7 vs. 19.0 ± 1.3 mU of LDH/
mg of tissue in 0 vs. 0.584 mg of glutamine, n = 3). 
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Together, these data provide evidence that glutamine 
availability influences tissue inflammatory responses, 
but glucose may be required for glutamine to modulate 
inflammatory responses to LPS.
We previously showed that limiting glucose availabil-
ity reduced the accumulation of IL-1β, IL-6, and IL-8 in 
response to LPS by >45% when ex vivo organ cultures 
of bovine endometrium were cultured with 0.584 mg 
of glutamine/organ (Turner et al., 2016). To explore 
whether the presence of glutamine was essential, en-
dometrium was cultured in media containing a range 
of amounts of glucose in the absence of glutamine and 
challenged with vehicle or LPS for 24 h. The culture 
supernatants accumulated more IL-1β, IL-6, and IL-8 
in response to LPS than vehicle (ANOVA, P < 0.001; 
Figure 2). However, the absence of glutamine did not 
affect the expected increased accumulation of IL-1β, 
IL-6, and IL-8 in response to LPS when more glucose 
was supplied in the medium (ANOVA, P < 0.05; Figure 
2). Taken together, these data support the idea that 
glucose availability influences tissue inflammatory re-
sponses, and they provide evidence that this effect does 
not require the presence of glutamine.
To understand why glutamine depends on the pres-
ence of glucose for inflammatory responses to LPS, we 
considered the role of glucose in glycolysis. To explore 
the role of glycolysis, 2-deoxy-d-glucose was used to 
inhibit glycolysis when endometrium was treated with 
glutamine, with or without glucose (Tannahill et al., 
2013). As expected, culture supernatants supplied with 
glucose or with glucose and glutamine accumulated 
more IL-1β, IL-6, and IL-8 in response to LPS than 
vehicle (ANOVA, P < 0.01; Figure 3). Inflammatory 
responses to LPS were reduced by at least 50% when 
glycolysis was inhibited in endometrium supplied with 
glucose alone, as might be anticipated (ANOVA, P < 
0.01; Figure 3). However, the inhibition of inflammation 
by 2-deoxy-d-glucose was not rescued by the addition 
Figure 1. Glutamine modulates inflammatory responses to LPS. Ex vivo organ cultures of bovine endometrium were cultured for 24 h in 
medium containing the indicated amounts of glutamine, with 0.36 mg of glucose (A–C) or no glucose (D–F), and challenged with control vehicle 
(□) or 100 ng/mL LPS (■). At the end of the experiment, organ weights were recorded (35.8 ± 11.2 mg) and the accumulation of IL-1β (A, 
D), IL-6 (B, E), and IL-8 (C, F) was measured in supernatants. Data are presented as mean ± SEM concentration per milligram of tissue from 
4 independent animals and analyzed by ANOVA with Sidak’s multiple comparisons test; values differ from control: ***P < 0.001, **P < 0.01, 
*P < 0.05.
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of glutamine, as well as glucose. These data provide 
evidence that the effect of glutamine on inflammation 
is dependent on glycolysis.
Deficits in glucose and glutamine are typical of 
postpartum cattle in negative energy balance, and 
this metabolic stress is associated with uterine disease 
(Wathes et al., 2009; Giuliodori et al., 2013; Esposito et 
al., 2014). Deficits in glucose abundance perturb innate 
immunity in the endometrium (Turner et al., 2016). In 
the present study, we provide evidence that limiting 
glutamine availability also perturbs the inflammatory 
response to LPS in endometrial tissue. However, to 
our surprise, the presence of glucose was necessary for 
glutamine supplementation to augment endometrial in-
Figure 2. Glucose modulates inflammatory responses to LPS even in the absence of glutamine. Ex vivo organ cultures of endometrium were 
cultured for 24 h in medium containing 0.9, 0.36, or 0 mg of glucose, without glutamine, and challenged with control vehicle (□) or 100 ng/mL 
LPS (■). At the end of the experiment, organ weights were recorded (34.9 ± 10.2 mg) and the accumulation of IL-1β (A), IL-6 (B), and IL-8 (C) 
measured in supernatants. Data are presented as mean ± SEM concentration per milligram of tissue from 7 independent animals and analyzed 
by ANOVA with Sidak’s multiple comparisons test; values differ from control: ***P < 0.001, *P < 0.05.
Figure 3. Glycolysis is important for inflammatory responses to LPS. Ex vivo organ cultures of endometrium were cultured for 24 h in 
medium containing 0.584 mg of glucose/organ with or without 50 mM 2-deoxy-d-glucose (2DG) to inhibit glycolysis, or 0.584 mg of glutamine/
organ and 0.36 mg of glucose/organ with or without 50 mM 2DG, and challenged with control vehicle (□) or 100 ng/mL LPS (■). At the end 
of the experiment, organ weights were recorded (29.8 ± 8.9 mg) and the accumulation of IL-1β (A), IL-6 (B), and IL-8 (C) measured in super-
natants. Data are presented as mean ± SEM concentration per milligram of tissue from 3 independent animals and analyzed by ANOVA with 
Sidak’s multiple comparisons test; values differ from control: ***P < 0.001, **P < 0.01, *P < 0.05 or where indicated.
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flammation. Furthermore, inhibiting glycolysis reduced 
the accumulation of IL-1β, IL-6, and IL-8, even when 
glutamine and glucose were abundant.
The optimal inflammatory responses for postpartum 
endometrial health are not clear; for example, devel-
opment of uterine disease has been associated with 
both increased and reduced expression of IL1B mRNA 
(Herath et al., 2009; Galvão et al., 2011). Inflamma-
tion aims to restore tissue homeostasis in the face 
of infection but requires a complex balance between 
resistance and damage (Medzhitov, 2008); inadequate 
immune responses may fail to counter infections, while 
overexuberant or persistent inflammation cause immu-
nopathology. However, negative energy balance is con-
sistently associated with perturbation of the immune 
response in cattle (Hammon et al., 2006; Wathes et 
al., 2009). Exploring the links between metabolism and 
immunity in the present study, we found that limit-
ing glutamine availability perturbed the inflammatory 
response to LPS in endometrial tissue. Glucose and 
glutamine are the main substrates that cells and tissues 
use to generate energy via glycolysis, the Krebs cycle, 
and anaplerosis (Newsholme, 2001; Vander Heiden et 
al., 2011). Inflammatory responses are energetically 
expensive, presumably because tissues need to generate 
inflammatory mediators and repair damaged cells. So, 
limiting glutamine is likely to reduce carbon and nitro-
gen sources for synthesis of inflammatory mediators as 
well as limit the abundance of Krebs cycle intermedi-
ates for production of ATP. Glutamine, via glutamate, 
usually yields α-ketoglutarate in mitochondria, but in 
some cells the γ-aminobutyric acid (GABA) shunt also 
produces succinate for the Krebs cycle (Tannahill et al., 
2013). However, it was surprising that the presence of 
glucose and glycolysis were necessary for glutamine to 
augment endometrial inflammation. We suggest that 
metabolites of glycolysis are necessary to fully exploit 
the anapleurosis derived from glutamine in the endo-
metrium. Indeed, glycolysis has additional importance 
during bacterial infections because cellular responses 
to LPS induce the Warburg effect, in which metabo-
lism is diverted away from the Krebs cycle and toward 
glycolysis (Tannahill et al., 2013; Turner et al., 2016). 
Tracing of metabolites may be necessary to determine 
the precise pathways by which cells link glutamine to 
inflammation.
The present study provides evidence of how gluta-
mine may affect innate immunity in tissues. However, 
it was notable that, although much reduced, depletion 
of both glucose and glutamine did not completely abro-
gate the inflammatory response to LPS. It is likely that 
tissues catabolize other nutrients as energy, carbon, 
and nitrogen sources to synthesize cytokines and che-
mokines. Translation of the observations in the present 
study will require further studies of how glutamine 
affects endometrial biology and immunity. Given that 
the endometrium comprises multiple types of cell, it 
would be interesting to determine whether the effect 
of glutamine is a generalized mechanism or associated 
with specific cells.
In conclusion, depletion of glutamine reduced inflam-
matory responses to LPS in ex vivo organ cultures of 
bovine endometrium in the present study. However, 
metabolic support for inflammation provided by sup-
plying glutamine depended on the presence of glucose 
and glycolysis. These data provide a mechanistic in-
sight into how negative energy balance may be linked 
to postpartum uterine disease.
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